Fasting induces numerous adaptive changes in metabolism using several central signalling pathways, the most important represented by the HNF4 /PGC-1 -pathway. As HNF4 has been identified as central regulator of basolateral bile acid transporters and a previous study reports increased basolateral bile acid uptake into the liver during fasting, we hypothesized that HNF4 is involved in fasting-induced bile acid uptake via upregulation of basolateral bile acid transporters.
Introduction
Fasting as a (temporary) physiological state leads to massive adaptive changes in metabolic and endocrine pathways in the body, especially in the liver (42). Hepatic gluconeogenesis starts 4 -6 hours after the onset of fasting and, along with glycogenolysis, supports the liver in providing a stable blood glucose level. Fatty acids, liberated from the adipose tissue during fasting, undergo oxidation in the liver which forms the basis for ATP production during food deprivation. Additionally, ketogenesis is implemented during rapid -oxidation. Ketones provide an alternative food source for high-energy tissues such as the brain, when glucose is low. These key processes of adaptive metabolic reorganization during fasting are induced via specific transcriptional activators.
The nuclear receptor peroxisome proliferator-activated receptor (PPAR ) is one of these activators and controls hepatic -oxidation via binding as a heterodimer with RXR to its target genes (21, 35). Other pathways controlled by this receptor comprise formation (25), uptake (19) of bile acids and phospholipid secretion at the hepatocellular canalicular membrane (18) . Amino acid metabolism is also influenced (16) . PPAR is another nuclear receptor active in development and differentiation of fat tissue and fat-tissue specific gene expression (1, 32) . The hypothesis that differentiation of fat cells to white or brown adipocytes needs a specific coactivator led to the discovery and cloning of PPAR coactivator-1 (PGC-1 ) (28), a factor preferentially expressed in brown fat and responsible for the activation of thermogenic genes (27).
Obviously, PGC-1 also serves as a cofactor for PPAR by inducing -oxidation in adipocytes and the heart (22, 41). Additionally, PGC-1 is involved in glucose homeostasis by coactivating several important pathways. PGC-1 induces Glut-4, an 3 insulin-sensitive glucose uptake transporter in muscle cells (23). PGC-1 stimulates the mRNA of all three key genes for hepatic gluconeogenesis (27), PEPCK, fructose 1,6-bisphosphatase and glucose-6-phosphatase, and is induced in the liver in several states requiring or promoting gluconeogenesis including fasting (44).
Recently it was established that PGC-1 -induced gluconeogenesis during fasting requires the presence of hepatocyte nuclear factor 4 (HNF-4 ) and that the observed effect of PGC-1 in gluconeogenesis relies on coactivation of the respective enzymes via combined binding of HNF-4 to specific control elements in the promoter (30, 44). Mutations in HNF-4 contribute to a specific type of maturity onset diabetes of the young (MODY 1), indicating the importance of this nuclear receptor in glucose homeostasis (34). Additionally HNF-4 is a key induction activator for basolateral uptake transport systems in the hepatocyte (13, 14, Northern analysis. RNA was isolated from liver by standard phenol chloroform extraction procedure (8) . Total RNA (10-20 µg) was analyzed by Northern blotting with specific and constitutively expressed probes of Ntcp, Oatp1, Oatp2, Mrp2 and Gapdh as previously described (10) (7). mRNA levels were detected by exposure of the membrane to a Phosphoimager screen and quantified using a Phosphoimager and the Quantity One software (BIO-RAD).
Electrophoretic mobility shift analysis (EMSA). Preparation of nuclear extracts and electrophoretic mobility shift assays were performed as previously described (10).
Protein (5-10 µg) was incubated with [ 
Statistical analysis. Statistical analysis was performed using Students t-test.
Statistical significance was considered at P values of <0.05. Data represent the mean ±SD of 5 animals per group.
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Results mRNA expression of basolateral uptake transporters.
We first determined mRNA concentration of Ntcp, Oatp1 and Oatp2 in rats which were left without food but with water for 2 days. Food deprivation of 48 h increased mRNA concentration of all three investigated transporters, with Oatp2 being the most induced (316 ± 6 % of fed controls, p < 0.001), while the induction of Oatp1 (181 ± 4 %, p < 0.01) and Ntcp (154 ± 8 %, p < 0.05) was less, but still significant (n=5) (Figure 1 ). Changes in transporter mRNA expression appear to be specific since Mrp2
(data not shown) and Gapdh mRNA expression (loading control) are unchanged by fasting.
Protein mass of basolateral uptake transporters during fasting.
Since mRNA of all investigated transporters was induced after 48 hours of fasting, we studied protein expression. Oatp1 protein mass was induced to 128 ± 6 % after a fasting period of 48 hours. As protein levels of Ntcp and Oatp2 were not significantly different after 48 hours of fasting despite increased mRNA concentrations and changes in protein expression are often found to be delayed in other conditions of transporter gene regulation, we additionally determined protein mass of Ntcp, Oatp1
and Oatp2 72 hours after the onset of fasting. In parallel to the mRNA data at 48 h of fasting, protein expression of all three investigated transporters was induced.
Induction of protein expression was most prominent for Oatp2, which reached 176 ± 10 % after 72 h of fasting (n=5; p < 0.05). Ntcp was induced to 160 ± 20 % (p < 0.05)
while Oatp1 was only moderately induced to 119 ± 6 % after 72 h of fasting ( Figure   2 ).
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Binding activity of transactivators.
In order to identify transcription factors involved in this regulation of transporter genes, we determined the binding activity of relevant gene transactivators of basolateral transporters under fasting conditions by EMSA using oligonucleotides with binding sites for Hnf4 , Hnf1 , GR and Stat5. Binding activity of Hnf4 was elevated to 193 ± 18 % of fed controls after 48 hours fasting (n=5; p < 0.05) ( Figure   3 ). In contrast, binding activity of neither Hnf1 nor glucocorticoid receptor (GR) was significantly altered, while Stat5-binding activity was not significantly reduced compared to fed controls ( Figure 3 ). This indicated that Hnf4 but not Hnf1 paralleled basolateral transporter induction during fasting.
mRNA concentrations of Pgc-1 and Hnf4 after 48 hours of fasting.
To determine whether increased binding activity of Hnf4 is based on a transcriptional activation of the gene and whether Pgc-1 is also increased as a known co-activator of Hnf4 , mRNA levels of these two important transcription factors were quantified by real-time RT-PCR ( Figure 4 ). In accordance with the above results, mRNA concentration of Hnf4 was increased to 232 ± 10 % of fed controls.
Likewise, the transcript level of Pgc-1 was upregulated to 360 ± 210 % of fed controls (n=5; p < 0.05 each). Our in vivo data confirm the results of kinetic experiments in membrane vesicles published more than 10 years ago: The higher hepatocellular uptake of bile acids is a result of specific upregulation of the responsible transporters leading to higher transporter density, as indicated by a high V max but a constant Km for bile acid transport in vitro (4) . This behaviour may also lead to lower systemic bile acid concentrations and higher intracellular bile salt retention in the liver despite reduced bile flow during fasting. Given the fact that hepatocellular bile acid uptake is the only step in enterohepatic cycling which is upregulated during fasting, it is straightforward to ascribe an important general regulation principle to this reaction. 
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